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RESUME 

Dans le cadre ~'une entente prevoyant l'echange de services 

entre la Bristol Aerospace Ltd. et le Ministere de la defense nationale, 

on a demande au Centre de recherches pout la defense de Valcartier 

d'analyser, entre autres, l'integrite structurale du pain de propergol 

du moteur-fusee d'apogee l7KS12000. Lars de !'analyse finale, trois 

conditions de chargement furent considerees: la contraction thermique, 

!'acceleration au lancement, et la mise sous pression a l'allumage. 

L'analyste s'est servi de la methode des elements finis et 

a applique la technique des variables reduites de l~illiams-Landel­

Ferry aux proprietes mecaniques du propergol. (NC) 

ABSTRACT 

"J"'' 1 As part of a Provision of Services Agreement between Bristol 

Aerospace Ltd. and the Department of National Defence, the Defence 

Research Establishment, Valcartier was required to perform the structural 

integrity analysis of the grain of a solid propellant rocket motor·, 

designated as the l7KS12000. Three load cases were considered for 

the final analysis: thermal contraction, launch acceleration, and 

ignition pressurization. 

The analyst used the finite element method and a,pplied the 

lhlliams-Landel-Ferry technique of reduced variables. to the propellant 

mechanical properties.,(U) 
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NOMENCLATURE 

ay WLF time-temperature shift factor 

BFZ Compute3 input mnemonic for the axial body force 
(lbf/in ) on the propellant 

BFZC Compute3 input mnemonic for the axial body force 
(lbf/in ) on the casing 

E 

GL 

[ i, j 1 

(i, j) 

R 

T 

THERM 

THERMC 

(l 
c 

(l 

p 

Initial slope modulus (psi) 

Effective gage length (3,32 in for JANNAF specimens) 

Element i-j 

Node i-j 

Crosshead speed (in/min) 

Temperature (K) 

Propellant cure temperature 

Zero-strain temperature 

Time (min) 

Mnemonic for the total thermal contraction (in/in) of the 
propellant 

Mnemonic for the total thermal contraction (in/in) of 
the casing 

Coefficient of thermal expansion (in/in °F) of the casing 

Coefficient of thermal expansion (in/in °F) of the propel­
lant 

Strain at maximum load (in/in) 

A = 1 + Em Extension ratio at maximum load 
m 
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Standard deviation 
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Nominal stress at maximum load (psi) 

a Radial stress (psi) 
r 

T Maximum shear stress (psi) 
m 
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ABBREVIATIONS 

BAL Bristol Aerospace Ltd. 

DND Department of National Defence 

DREV Defence Research Establishment, Valcartier 

HTPB Hydroxyl-Terminated Polybutadiene 

NASA National Aeronautics and Space Administration 

WLF William-Limdel-Ferry 

SCF Strain concentration factor 

SF Safety factor 

--



UNCLASSIFIED 
1 

1.0 INTRODUCTION 

In early 1979, the National Aeronautics and Space Administration 

(NASA) contracted Bristol Aerospace Ltd. (BAL) for the development 

of a solid propellant rocket .motor to be adapted as a third-stage 

motor to.the Terrier/Black Brant V sounding rocket vehicle. The 

projected missions required that the motor contain approximately 700 lb 

of a high-energy, HTPB-based propellant. In order to speed up the 

developmental work, the contractor decided to use, whenever possible, 

inert components of the 17-in Black Brant V motor. 

Following a Provision of Services Agreement between BAL and 

the Department of National Defence (DND), the Defence Research Establish­

ment, Valcartier (DREV), was required to perform the grain internal 

ballistics and structural integrity analyses of the projected motor 

designated as the 17KS12000. 

This report covers the structural integrity analyses of the 

17KS12000 propellant grain. The grain anaiysed herein differs from 

a preceding design (BAL's DWG 600-03890, dated 10 Oct., 1979): the 

port diameter is 4.5 in instead of 4.0 in, and the fins of its booster 

cavity are smoothly blended with the cylindrical port. The previous 

design was modified after preliminary analyses had indicated that 

its safety factor was somewhat low. 

The structural integrity investigation included structural 

and failure analyses for the three following load cases:· 

a. 

b. 

c. 

thermal contraction at the lowest operating temperature 

limit ( -10°F); 

longitudinal acceleration under launch conditions at 

high temperature (15 g 
n 

ignition pressurization 

at -10°F). 

b at 110 F); 

at low temperature (1 000 psi 
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The effects of combined'loads were not considered. 

A series of two-dimensional, linear, elastic analyses were 
I 

conducted for each load case, using the finite element method. The 

critical results of these analyses were subsequently compared td . . I 
the appropriate failure data. To take into account the thermoviscoelastic 

nature of the propellant, its appropriate mechanical properties \c£ , . m 
cr and E) were treated according to the Williams-Landel-Ferry (WLF) 

t:chnique, assuming that t.he time-temperature equivalence p:dncJple 

was valid for the highly loaded, HTPB-based propellant. 

To summarize the analyses reported herein, let us say that 

the modified 17KS12000 des.ign can be considered adequate, since its 

minimum strain-based safety factor is 1.71. 

This work was performed at DREV between December, 

March, 1980, under PCN 21C91, Assistance to BAL. 

2.0 GRAIN STRUCTURAL ANALYSES 

2.1 Thermal Loading 

2 .1 .1 General 

1979, and 
I 
I 

The most severe loading condition this case-bonded, solidi 

propellant rocket motor can be subjected to is repetitive low--temperature 

cycling. For the analyses reported herein, the thermal stresses\ 

and strains induced in the propellant grain by the difference between 

the coefficients of thermal expansion of the propellant and the kotor 
. I 

case were determined only for a soak of the grain at low temperature. 

Cumulative damages due to temperature cycling effects were cover~d 
by insuring an adequate design safety factor. 
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Special attention was given to·: 

a) the hoop strain at the inner bore, espacially at the finocyl 

transition region, 

b) the hoop strain at the star tip of the booster cavity, 

c) the stresses at the case-grain termination points, 

d) the stresses at the case-grain interface at the motor mid-

length. 

The lower operating temperature limit was specified as: 

[1] 

2.1.2 Heat Transfer Analysis 

An elementary heat transfer analysis, not reported herein, in­

dicated that the response time of the motor to a temperature drop was 

approximately 2 300 min. For the structural analysis, this was consid­

·ered as the effective cooling time. 

t = 2 300 min cooling (2] 

The heat transfer analysis also showed that the usual assumption 

of a uniform temperature distribution throughout the grain during 

cooling was warranted, for engineering practicality. 

2.1.3 Cure shrinkage and Thermal Contraction of the Grain 

The effects of the cure shrinkage of the propellant were also 

included in the thermal contraction. For that purpose, the thermal 

strain calculations were referred to the zero-strain temperature, 

T1, which is typically 15°F higher than the cure temperature Tc, 

for polybutadiene propellant (Ref. 1). Thus 
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= 140 + 15 = 155°F (13] 

Then, equivalent thermal contractions were .calculated uling 

an equivalent temperature change of 

With ap 

thermal strain 

= -10 - (155) = -165°F 

and ac taken from Table I, it follows that the 

of the propellant is 

THERM = a liT p 

= 5,86 X -5 10 , X (-165) 

. -2 
in = -0,967 X 10 
in 

and that the total strain of the casing is 

THERMC = a liT c 

= 11.7 X 10-6 X (-165) 

[5] 

= -}.93 X 10-3 in (6] 

in 



Properties 

Coeff. of Thermal 

Expansion 

Specific Weight 

Young's Modulus 

Poisson's Ratio 

Thermal Conducti-

vity 

Specific lleat 

UNCLASSIFIED 
5 

TABLE I 

Relevant Hechanical & Physical Properties 

Symbol Unit Casing Propellant 

Steel A.MS643S 

a in 11.7 X 10-6 s.s6 x 10-s 

in°F 

y lb 0.283 0,0647 
3 in 

E psi 29 X 10
6 (Fig. 1) 

v 0.29 0.491 (estimated) 

k BTU 3.86 X 10- 4 3.29 X 10-6 

in°F s 

c BTU 0.31 (estimated) 
p 

lb°F 

li'lsulant 

RF/B 

N.A. 

N.A. 

N.A. 

N.A. 

. -6 
4, 9 X 10 

N.A. 

2.1.4 Thermoviscoelastic Properties of the Propellant 

To take into account the thermoviscoelastic nature of the 

propellant, the gross data from the uniaxial tension tests conducted 

at various crosshead speeds and temperatures were reduced according 

to the WLF technique (Ref. 2). Appendix A lists the equations used 

to perform these reductions, and Figs. 1 to 3 show the reduced data 

with appropriate lower and/or upper limits. 

The mechanical properties necessary for the structural analyses 

of the thermal loading were calculated as follows: a reduced cooling 

time was computed using eqs. A-1 and A-3 
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log t = log t - log <1.r 
~ 

0 
0 

--

2 

Time 

log <i.r= -8.86 {T -239) + 3.18 
T-137.4 

[A-1] 

(A-3] 

With t = 2 300 min, the estimated cooling time, and T = 250 K, the 
lower operating temperature limit, we obtain 

log!.= ·log 2300-
aT 

. [-8.86 (250-239) + 3.18 ] 
250- 137.4 

= 1.05 (7] 

At a reduced time of 1.05, the upper limit of the propellant reduced 
modulus is 2.88 (Fig. 1), hence 

E = 639 psi; (8] 

_. 
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the lm•er limit of the maximum strain capability is (Fig. 3) 

[9] 

and the lower limit of the reduced maximum stress is 1.89 (Fig. 2), 

hence 

am = 54.5 psi. [10] 

2.1.5 Finite Element Model 

In accordance with the approach commonly~employed throughout 
. . . I 

the solid rocket industry, the modeling of the·three-dimensional 

17KS12000 motor grain was done by per~orniing a series of two-diJensional 
:..:; 

analyses, namely: 

a) a longitudinal, axisymmetric analysis of the complete grain,. 

for which we considered the booster cavity as a cyiidder 

whose radius is equal to. that of a circle circumscriBing 

the star tips of the boo;ter cavity (Figs. 4a, b, add c). 

b) two transverse, plane strain analyses of the booster cavity: 

one of the actual cross $ection (Fig. Sa) and the ottier 

of the idealized axis~etric ·cross section ,(Fig. Sb)l. 

Comparing the results of both analyses permitted us to 
~ 

calculate a strain concentration factor (S,FC) at the fin 

tips. This SCF was then applied to the maximum hoop strain 

calculated during the first axisymmetric a~alysis .(FJgs .. 

4a, b, and c). 

..... 

·. 

• 
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a circumferential, plane stress analysis of the inner surface . I 
of the port, at the finocyl transition region (Fig. 6), 

to compute the SCF at this particular location. ThiJ . I 
SCF was then applied to the transition hoop strain computed 

during the first axisymmetric analysis to evaluate t~e 
actual maximum strain in this area. 

AMG032 and AMG033' Partls The analyses were performe_d using 

of a package written by Rohm &.Haas Ltd. (Ref. 3) for grain strJctural 

analysis using the finite element method. 

2. 1. 6 Results 

1) The SCF at the finocyl transition was comp~ted as 

2) 

SCF = max. strain (5,10] 
max. strain [1,1] 

= 0.13568 = 1.487 (11] 
0.091245 

where 5,10 and 1,1 stand for the appropriate elements. . . . 

Pertinent pages of the computer outputs are included as 

Appendix B, and ,.Pigs. • 7a and b illustrate the results. 

When extrapolated to the surface, the plane strain analysis 

of the actual cross section of the motor cavity (Fig.l Ba 

and Appendix C-1) indicated a maximum strain of 0.037r42 

for the element [1,2] (See note p. 20). A similar analysis 

of the idealized axisymmetrix booster cavity (Fig~ 8bl 

and Appendix C-2) yielded a maximum strain of .0.00888~ 

for the element [1,1]. Therefore, 

SCF = 0.037742 = 4.25 
0.008884 

[ 12] 

' 

.. • 
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3) The main results of the axisymmetric analysis of the complete 

grain (Figs. 9a, b, c, d and e, and Appendix D) were the 

following: 

a)· when ·extrapolated to the surface, the inner bore hoop 

strain, approximately at the motor mid-length, was 

evaluated as 

E (5;1_7] = 0.0905 max [ 13] 

b) when extrapolated to the surface, the hoop strain at 

the finocyl transition was 0.079. With the appropriate 

SCF calculated in eq. U, it became 

Emax [4,26] = 1.487 x 0.079 

= 0.117 (14] 

c) after.extrapolation, the hoop strain at the fin tip 

was computed as 0.0055. With the.SCF calculated by 

eq. 12, the maximum strain was 

Emax [6,34] = 0.0055 x 4.25 

= 0.0234 (15] 

Note: Extrapolated according to the equation 
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d) the shear stress at the forward case-grain termination 

was 

T [8,1]=21.7psi 
r-z 

[16] 

e) the case-grain interfacial stress at the mid-length of 

the motor was estimated as 

2.2 Acceleration Loading 

2 . 2 . 1 General 

a [8.17] = 41 psi 
r 

[17] 

During the ascent of a solid rocket vehicle, high shear stresses 

are normally induced at the forward termination point of the case 

and grain. It is particularly important here-because the 17KS12000 

is a third-stage motor left unpressurized during acceleration; pressur­

ization would of course induce a hydrostatic compression field, thus 

enhancing the load carrying capability of the propellant. The axial 

deformation (or slump) is also worth being considered. 

High-temperature acceleration is more severe than low-temperature 

acceleration because of the reduced bond strength capability and shear 

modulus. 

2.2.2 Input data 

1) The propellant mechanical properties were calculated as 

follows. Assuming that acceleration would last one minute, 

i.e. the combined burning times of the first and second stages, 



2) 

3) 
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and that the motor temperature at launch would be T = j i0°F 
I 

(316.3 K), a reduced time was calculated, using eqs. A-1 and 
I 

A-3: 

log t = log t - log ~ 
aT 

[A-1] 

= log 1 - [-8.86(316.3-239) + 3.18] 
316.3-137.4 

= 0.65 

At that reduced time, it was possible to infer from 

1, 2, and 3 

[ 18] 

FigJ. 

E 

E m 

0 m 

With the specified axial 

pellant specific weight, 

force BFZ of 0.0647 x 15 

= 353 psi [ 19] 

= 

= 

0.205 [20] 

73.5. psi [21] 

acceleration (15 gn)·and the pro-

0.0647 lb /in
3 (Table I), a bod~ 

m . I 
= 0.9705 lbf/in3 was input as one 

of the propellant physical properties. I 

The payload weight was assumed to be 450 lb . A body folce 
m ' 

of 450 x 15 = 6750 lbf was thus applied at no~e 9,1, thel 

assumed payload/motor junction. Node 9,44 was considered as 

the attachment point ~f the motor to the secortd stage. I 
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4) Since the specific weight of steel is 0.283 lbm/in 3 (Table 

I), a body force BFZC of 0.283 x 15 = 4.25 lbf/in.3 was input 

as one of the casing material properties. 

2.2.3 Computer Analysis 

A single longitudinal, axisymmetric, finite element analysis (AMGO 

32) was performed with the model previously used for the thermal loading 

stress analysis (Fig. 4), but applying the appropriate data calculated 

above. 

Pertinent pages of the computer printouts are included as Appendix 

E; ·Figs. lOa and b illustrate the main results. 

2.2.4 Results 

1) The shear stress at the forward case-grain· termination was 

computed as 

Tr-z [8.1] = 5.0 psi [22] 

2) The axial slump, which is maximum at the forward end of th·e 

inner bore node, 1,1, was 

az (1,1) = 0.120 in [23] 

2. 3 Pressurization Loading · 

2.3.1 General 

The ignition pressurization induces a compressive hydrostatic 

stress throughout the grain with a superimposed tensile hoop stress and 

strain at the inner bore. 
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I 
' 

·""' 

' I 

The hoop strain at the inner bore and the str~sses at the termi-

nation points of the grain were considered critical.' The_analy~is 
- -- I 

was based on the mechanical properties determined at low temperature 

(-10°F). 

2. 3. 2 Input .data 

1) Assuming an ignition pressure rise time 

10- 3 min) at T = 10°F (250 K) a reduced 

from eqs. A-1 and A-3 ;•. 

~-

of 100 ms (1.67 x - -I --' . 
time was calculated 

log _..!. = log t - log ~ [A-1} 

• 

-" 

~ ~ 

2) 

= log 1.67 x 10-
3 [~8.86'(250-239) + 3.18]..,...--

250-137.4 
I 

= -5.09_ (24}. 

With that reduced time, Figs. 1, · 2 and 3 show the following 

mechanical properties for the propellant: 
.,... ~ ~-

E = 7330 psi (25} 

em = 0.40 . (26} 

om = 284.5 psi [27}l 

It was (conservatively) assumed that the ignition prelsure 
-~ • c . -_ • I 

(1 000 psi) would induce an axial force of 1 000 x IT x 

(8. 537) 2 
= 229 000 lbf in the casing. That was input at 

node 9,1. 
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2.3.3 Computer Analysis 

' 
I 

Applying the data calculated above to the model previously used . . I 
for the thermal loading structural analysis, we performed an ax~sym-

metric finite element analysis (AMGO 32). 

The strain concentration factors·. computed· for the structural 
. - I 

analysis of the thermal loading were applied, as required. 

Pertinent pages from the computer outputs are 

Appendix F; Figs. lla, b, c, d, and e illustrate the 

2. 3. 4 Results 

1) After an appropriate extrapolation to the 

bore hoop strain at the mid-length of the 

as 

Emax [5,17] = 0.00584 

included in 
. I 

ma1n results. 

surface, tJe inner 
I motor was computed 

[28] 

2) When extrapolated·· to the surface, the hoop strain at the 

finocyl transition was calculated as 0.0514. With the SCF 

of eq. 11, it became 

E (4,26] = 1.487 X 0.0514 
max 

= 0.0764 

., 
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3) After extrapolat{on to the surface, the calculated hoop 

·strain at the .fin tip was 0.0080. With·the appropriate 

SCF. of eq. 12, it became 

Emax [6,34] = 4.25 x 0.0080 

= 0.0340 [30] 

4) The maximum shear stress at the forward termination of the 

case-grain was calculated·as 

Tr-z [8,1] = 132.3 psi [31] 

3.0 FAILURE ANALYSES 

3.1 General 

Because of the various unknowns associated with the structural· 

analyses, specifically with the propellant behavior and .the failure 

criteria, a minimum safety factor (SF) of 2.0 is desirable; it is usual­

ly based on the mean properties of an unaged propellant minus 3cr. 

When the statistical properties of the propellant are not available, 

it may be conservatively" considered that lcr = 10% of the relevant 

property (Ref. 1). 

3.2 Thermal Loading 

1) Under the stated conditions, the lower limit of the maximum 

strain capability was E = 0.20 (eq. 9). The maximum strain 
m 

calculated at the finocyl transition region was 0.117 (eq. 

14). Therefore, the strain-based safety factor is 
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SF = 0.20 1 71 
0.117 = 0 [32] 

The shear stress at the· forWard case-grain termination was 

calculated as 21.7 psi (eq. 16). The maximum. allowaJle 

shear stress is usually considered 1:~ be 10% of _the iniaxial 

tension failure stress (Ref. 1). Since a = 54.5 psi 
m 

(eq. 10}, 

and the 

T = 0.70 X 54:5 = 38.2 psi 
m 

SF = ~;: ~ = l. 76 

(33] 

(34] 

3.3 Acceleration Loading 

1) The maximum shear stress·expected was calculated as 5.0 

psi (eq. 22). Using eq. 33, since am = 33 .. 5 (eq. 21), the 

maximum admissible shear stress is 
~ 

' : -
Tm = 0.70 X 73.5 

= 51.5 psi (35] 

Therefore, the 

SF 51.5 10.3 = --= 5.0 (36] 

2) The maximum slump calculated, 0.120 in, (eq. 23) is deemed 

acceptable. 
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a. It is generally accepted that.pressurized biaxial tests, 

used to evaluate port cracking during ignition pressurization, 

yield a maximum t.ensiie strain 2 .S time.s higher than the 

standard uniaxial test. Thus, from eq·. 26, 

' 2-D 
e:max = 2.5 X 0.-4 = 1.0 (37) 

Since the maximum induced strain has been evaluated as 

0.0764 (eq. 29), it follows that 

SF = 1.0 . 
0.0764 = 13.1 (38) 

b. The maximum shear stress calculated at the forward termina­

tion of the case-grain was 132.3 psi (eq. 31). Since the 

maximum admissible shear stress can be estimated as 

Tm = 0.70 x (am= 284.5) = 199.2 psi (39) 

(eqs. 33 and 27), then 

SF = 199.2 
132.3 = l.Sl [ 40) 

4.0 DISCUSSIONS 

It is generally agreed throughout the rocket industry that strain­

based safety factors are the best acceptance criteria; indeed, for 

viscoelastic materials, strains and displacements are usually more ex­

actly predicted than stresses (Ref. 1). Therefore, only strain-based 

SF will be considered critical herein. 
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The minimum strain-based SF computed-· is 1. 71 (eq. 32) under 

conditions of thermal loading. This is somewhat low1er then thJ 

generally recommended SF, but it is sufficiently clo~e to 2. 0 Jhat · 
- . - I 

no problem is anticipated, when the rationale behind such an acceptable 

SF (see para. 3.1) is understood. 

In regard to the- minimum ·stress"based SF of 1.51, calculated 

for the pressurization loading analysis, it is somewhat low butl not 

considered critical because of the conservative assumption mad~ 
regarding the input data. Indeed, by merely choosink the lowerll 

limit of the modulus, instead of·the upper limit, we'would obtain 

a SF of approximately 4.0, insfead of 1.51, indicati~g that the\ 

actual SF is likely around 2. 7; this is considered more realistlic 

and more acceptable. 

5.0 .CONCLUSIONS 

Since the estimated strain-based safety factor is 1. 71,_ the 

modified 17KS12000 motor grain appears structurally adequate fo~ -

the three load cases considered (thermal, acceleratibn, and preksuriza­

tion loadings). 
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APPENDIX A 

~ I .. 

WLF Reduced Variables Equations .i · 

1. Reduced Time 

with 

log~ 

2. Reduced Modulus 

3. Reduced Stress 

log ....!. [A-l] 

~ 

t: duration. of applipaqon of 

the load .(in minu~es). For 
. - ! 

constant strain-rate testing 
! 

GL t =- E R m 

with GL = 3.32 in 

= -8.86(T-239) + 3.18 
T-137 4 

1 E 297 
og T 

lGg cr A 297 
m m T 

[A-2] 

[A-·3] 

[A-4) 

[A-S) 

• 

: 

·. 
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APPENDIX B 

17KS12000 

Fin~cyl Transition Region 

· Structural Analysis 
.. 

'computer Printouts 

: 
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•27 1•64t6!5E•01 1•181511•01 •6•16611•01 •6•31111•01 le.IUI•OJ l•~16li•OI •6.•166.61.•01 l•I!IOBII'•Cil 

• -171 1tl•069 6 •6,151i Ol •1•6t761 00 7•4t3.5E•U SeOIJ,I•Ol 6•6t611 01 •l•70l.ttl 00 3.!...4t.33II:_O.i. ..... 3 ~. .• 61915E -o 1--1 '3233 , .. oa--·• • 'u u-oa--·6·· 3DOeE •oe:--It a 1 t7E•DJ--,-.32~11•oa ., •• ,-.,.02 '''our-o1 

·~ .• 
" 



.... ~· 

I J/ COORDINATES I T R I Iii 8 I I I I T • A '1 N Iii 
AN13L.E • T • T AXUL. z IHUR ••• I'IAXli'IUI'I MINhtUfll I'IAX IHIAR 

3 • •617 ... a.~u 6•1564U 01 •1•19!57!•~1 7•434!5i:•U 1.10641 00 6•!56!51£ 01 •1•17171•01 3•32111 01 ,., 1•6074[•01 9•0!5571•02 ·••~t70Uitoa •6•2604&:•02 !t1634[•03 1•0600[•02 •6•47461•02 1•!583151•01 

• ' •U2 4I•HO 6•14161 01 6•01!501 00 7•41411•16 6t4701E•01 6•1'1oU1- 01 6'•0l'loll 00 1•11011 01 .o. 1•8301£•01 1•»6711•01 •I•!USI•OI .,,,,601•02 J:·,OU71•Dit l•i67il~01' --···!1181•01 1•415601•01 

5 ' 1eh3 42o"tft1 7t6ol!o271 01 1•12701 00 7•4341o!5£•U •1•150681 DO 7•6601if0t· ·a. 7~t541 00 3•3131[ 01 
•2• ~~'' 2•091!5£•01 9•97111·02 •!•71HI~OI •7•1!41o4[•02 a1e6364[•01 1o002l[•01 •8•11311•01 1•1513!5[•01 

6 ' 1•317 U•!503 1•33111 01 .,.o._,,E oo 7••34SI•U •I•OU11 00 1•143111 01 1•111111 00 1•17101 01 
•1•tt9 2•1.1UE•01 1•11611•01 •6•71111•01 •1•11111•02 •lt.Oh[•OI 1•11715[•01 •6•7140[•01 1•10611•01. 

10 •136 U•!593 "t•I94U 01 •7•02261 00 tOOOOi 00 •.1•81111 DO 4•1116[ 01 •7•0671t! oo 2•1017£ 01 §2 
•1•&"2 1·0?!0E•01 6•!J1001•02 •6•1483£•02 •4•150t7i•02 a7 I 3166[•03 6•tl01tE•02 •6•115171•02 1•3071£•01 C'"l 

s;: 
2 10. t40t 42•621 1•015011· Ot •6•071151 00 •00001 00 ·•·••111 oo 15•01111 01 •6•411tl· DO 1•16701 01 .... Cll 
•"t•b1 1• 13301•01. 7•01711•01 •6•11!511•01 •.4•6tl0&:•0i' •leUII!•OI 7•17511•02 •6•20371•01 1•11101:•01 "' Cll 

H 

i•52!5ll 01 
.,., 

3 10 •U3 42o667 •6•1226£•01 •0000£ 00 ....... !51 00 !5•6!5SIE 01 •l•Uf41 00 2•12391 Ol H 
•8•60 1•3601£•01 7e"tlto!ll•02 •5•!51U&:•D2 •!•"t"t!59E•02 •ltt031tU•Oi! 7·71501[•02 ·5•8131.•02 1•36.-.!1•01 "' 0 

• 10 •9U 42•661 1•33871 01 t'•06lJI 01 , ... 3415&•16 -·1·11131 01 •·••1u ot 7tl57 .. 11. DO 3•14111 01 
•11• 33 2•21715[•01 1• Oi!J01•01. •1•11911•01 •1•467U•02 •7t01tii•OI 1•17001•01 •6•61,61•01 111 .. 001•01 

; ~i 1•13!5 42•6!51 1•67521 01 '•6UIE 00 7•1to341-5i•h -t.0060! 00 ~·~~~~~~ 01 15•72771 00 4•!51!111 01 
•!5•6 2•!50"t7E•01 1•33601•01 •7•6707£•02 •t•USU•Oi •• ·2021[•01 11.•1561 •011 •7•87161•02 2•1itet7[•01 

6 10 1•312 42• 666 1•111151:01 1•10251 00 7•'t3415E•l6 -let0171 00 I•UUI 01 1•26111. 00 ••41771 01 
•1•22 2•2!55!5£•01 1•21801•01 •I•Dt011•02 •1•3tlto7[•02 ·•·tl111•01 1•11111•01 •1•10011•01 I•Oti1E•01 

" •130 Uol36 3i40781 01 •3•10621 00 .oooo£ oo •2•15111 00 3•421531 01 •3•31101 00 1•11l1E 01 
•3•91 1•2072£•02 4•2119[•02 •"t•lt171[•02 •3•6697£•02 •1•19411•01 ollo•3227E•02 •4•~15161•02 1•71U1•02 

2 " •3J2 •1•161 J•30hl 01 •3•41631 00 •0000&: 00 •7·1•••r 00 ,,.,,,,, 01. •1•01!!1111 00 1•11.-.11 01 
•11•67 7•9"ti7E•02 •·11111•01 •••11 .. 01•01 •3•11•61:•02 •1•6700[•01 "tt497tl•02 ·••76321•01 1•16101:•01 

3 " •663 •2•19"t 3•17611 01. 3•h991 00 •OOOOE 00 •1.47671: 01 3•11hE 01 •2•!51!511 00 2•0358&: 01 
•23•Z5 9•3242E•02 3•37501•02 •3• U2!5E!"0-2 •"t•0375E•02 ·••19121•02 ••15157&:•02 ....... 311•02 9•4t919[•02 
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., 

I Jl COO~OINATU 8 T R l I • I I I I T • • I N I 
ANQLI • v • v •• u. z INU~ x•v MAXl"U" "lld!IIU" HAK IHll~ 

~ I 6t701 •UI I•U7U•01 1•10611 01 2•15361£ 01 •••••• ,, 00 3•12211 01 7•51711:•01 1•17371 01 . ,.n 1•0012E•D1 •8•70211•02 1•1636[•01 •DOOOE 00 •ltUHI•DI 3•00211:•02 •15•7itUI•02 ,,,,,;,.oa 
I I .. ,,. ., .. 7•:10,.1. 00 1•10171. 01 ...... , 01 .a.u-.ar oo 3•Uitl·OI ....... 00 l•o\1111 01. 

·•a•ea 1•01111•01 ·••170•1•01 1•11711•01 •00001 00 ·l·••ur•DI 1•11111•02 •••••• , ... 01 ••• ,,11•01. 

3 I 7•227 •163 l•lhU 01 1•13351 01 2•600!1i 01 •1·61731 00 l•llt77E 01 1•01111 01 t•lltSE DO ....... 1• 03UE•01 •1•••••1•02 7•76811•03 •0000&: 00 ·7·11•731•03 1•10011•03 •3•!0171•01 ••Ulli.;,OI 

- I 7•151• .uo 1•11011, 01 1•11111 01 1•151111 01 ·•·•••oc•os 2•87611 01 1•11611 01 •••••• , 00 
•17•1l ,., •• , •• o. ·····~·1•01· 1•U7111•0:1 •00001 00 ·1·01111•0:11 lt411t11•03 •1•11111•01 1•00111•01 

8 I 7•91!5 •196 1•315511 01 l•lt261E 01 2•471t7i 01 •I•03JU:•01 2•1t272E 01 1•35!5151 01 !5•35B~E 00 !ii! •88•91 9•7901[•02 •1•61011•01 •1•11711•03 •OOOOE 00 •lt~l7.71•01t •1•10111•03 •1•61141•01. 2•50061•01 
C"l 

' I I•Ut •106 ""tl71; 01 1••6511 Dl l••ltDi 01 1·11111•01 1•.,61511 01 1•11571 01 1••1711 DO ., ~· 11•73 1•106•1•01 •1•1 ••1•01 •7•11111•0• •00001 00 l•lll151•01t •7•110!1•0! •1•6 .... 11•01· 1•11111•01 
-.J(/J 

!1 a I ~ •lt09 . I•III"IE 00 •••7:UI 01· 3•1603E 01. •1•1201! 01 S•U51E 00 1•16161 Ol H .,., _,,,., 
•3S2U•01 •1•53381•01 1•13011•01 •0000£ 00 -~· 61711•02 ·•·~~ouu:•oa 1•01101•01 H 

tTl 
I I 6•161t ...... o 1•1>171 01 1•11701 01 1•71161 01 •7•16701 00 ,.,, •• , 01 I•IU7l· 00 l•II!Ol 01 t:> 

•71•01 1• U0$1•01 •1•11111•01 1•1 7111•01 •OOOOE 00 •1•67131•01 1•77~61•QI ..... ,, •• ,.oa 6•111.1•01 

3 2 7•136 tltl7 1 •I UBI 01 2•7962[ 01 I•B901tl 01 •le190tE 00 2•1t2iE 01 1•137 .. E 01 1•77371 00 
•76•1t7 1•03UE•01 •:1•16611•02 lt•IOD•I•OJ •00001 00 •1•161 .. 1•01 7•0it0tE•03 •3•31031•02 lttOI-41•01 

• I 7•461 •111t3 l•lhU 01 I•IOIU 01 1•41111 01 •le73641 00 1•51531 01 I•IIOfl. 01 6•47101 00 
•11•21 1•71611•01 •1•11011•01 1•10471•0.- •00001 00 •1·10:1111•03 l•l1tHI•03 •1•16111•01 1•01011•01 

8 2 7•8!53 •1196 1•27311 01 2•17311: 01 a ... o?OE 01 ···1977[•01 2•376SE 01 1•26161 01 !5•113461 00 
•86•79 , •• 692£•02 •2. 6.-1511:•02 •7•tiH1•0• •0000£ 00 ·1119111•03" •7•-111iE•O• •2•611311•02 2•111111•01 

6 2 1•211 ..... 1•17HI·OI l•ltlOitl. Ol ··-1731 01 1·7•111•01 l•ltl01tl 01 1•17.01 01 15•61101 00 
lt•U t•IS6!SE•OI -~·61071•01 •l•t.-?ti•D• •00001 00 ··••III•Oit •J•.tti•I•O~t •1•61011•01 1•61161•01. 

3 6•15•0 •651 1•60011 Ol 3•1133£ Ol 3•1t621tE 01 ·1·tltai 01 ~t•IU1E 01 t•tl311 00 , ....... , 01 
•!!0•0!5 l•lt~tiSE•01 •1•0120&:•02 •lt•l 7t7E•03 •OOOOE 00 .• ,,,,,.,.a. 3•3336£•02 •8. 763151•02 9•0t71E•OI 
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I jl ce&ROINATES 8 T A t s s E 9 I 8 T R A I N S 
-'NGLE X y X y AX I A~ z I HEAR hY P1A)CJMUM MJNI1'1U"' MAX SHEAR 

I 1 II ~ •235 ~·-91t3E•01 1•9683[ 01 1•6013E 01 •6•?356t•01 1•9706£ ~1 3•2599£•01 9e6902E 00 ·88•(,)1 •6•01£•02 •3•6!5•7E·02 8o56~1E•03 .oooo£ oo •3•1,.33£•03 I 8,tU08E·31 •3·6602£•02 •·5221E•02 

2 1 6•957 •2•3 1•02UE 00 1•9015[ 01 1o6014[ 01 •6o:i2i•i:~ol lo9037E 01 9o9967E•01 9oOiSIE 00 •87•99 5e61tQ6E•02 •3•\981£•02 7•0032[·03 eOOOO[ 00 •2e9!IOOE•03 7t0!'9E•OI •3•!033£•02 '·2081[•02 
3 1 ,.~50 •2!53 1•7366£ 00 I•830~E 01 1t6015E 01 •5•8U5E•Oi 1•8324£ 01 .lo7162E 00 8.3o•oE 00 •87 •99 5•6•1•E·02 -~·3317£•02 5•3393£·03 tOOOOE oo •2•7151!1£•03 5•3869£•03 •3•336SE•02 3.8752£•02 

•• i 7•573 •261t 2•\273£ 00 1•7613[ 01 1•6015E 01 •5•3029E•OI lo7631E Ol 2••0&8!: 00 7o6l12E 00 ·88•00 5•ht2E•02 •3•1705£•02 3•?279£·03 tOOOOE 00 •2••7•7£•03 :J-.7711£•03 •3•17.8£•02 3t5!519E•02 

5 i 7•925 •277 3•0861£ 00 1•69!54£ 01 1t60l!E 01 •4•8!!IOOE•01 1•6971£ 01 3•0691£ 00 6e9509E 00 §2 ·88•00 5•611o12E•02 •3•01~8E•C2 2•1911£·03 .oooor. 00 •2•2633£•03 2·2306£•03 •3•0207£•02 3t2lt38E•02 
n 

6 I 8•319 •291 3•7260E 00 1•6315E. 01 1t6016E 01 •·h~O,I£•01 !o633!E Ol 3•7106E 00 6t!iOOE 00 > •BB•oo 5•6H!5E•02 •2•867!1~·02 6o9919E•O• oOOOOE 00 •2•0!5?9£•03 ?e3!519E•Olt •2•8711£•02 2t9lt~t?E•02 "'""' "'"' I 2 6•683 •703 S•S·H5E•01 1•9lt82E 01 1e60HE 01 •2•0129[ oo 1•9693£ 01 3••27•E•OI 9t6753E 00 >-< •B••oo s.&4o?E•02 •3•6072£•02 8o0913E•03 tOOOO~ 00 ·9•3937£•03 8t5853£•03 •3•6566£•02 'tt5151£•02 'Tl 
>-< 
m 2 2 6t930 ' •729 1•21S9E 00 1•8821E 01 1o60HE 01 •I • 87,U. 00 1·9019£ 01 1•0183£ oo 9e0002E 00 t:l •83•99 5•6408E•02 •3•ltS29E•02 6o5.98E•03 tOODOE oo •8•?51?£•03 7o0108E•OJ •3•'t990E•D2 '-•2001£•02" 

3 2 7·~1.tt •7!58 1•8952£ 00 1•81lt2E 01 1t6Q14E 01 '1•7298E 00 t•B32~t£ ot 1•7131£ 00 e. Joss£ oo •83•99 5•6<o7E•02 •3•2944£•02 lt•9653E·O~ •OOOOE 00 •8•0?24£•03 So3903E•03 •3•3369£•02 3e8?59£•02 

• 2 ?•!533" •192 2•5686E 00 1•H71E 01 1t6Qt!SE 01 •t•SBS3i:.oo I• 7637E Ol 2•,.018£ 00 7o6i78E 00 •83•99 5•6<11E•02 •3•13?ltE•02 3•39?2£·03 .oooo£ oo ·?·3981£•03 3• ?86.-.E•ol· •3•1763[•02 3o5550E•02 

5 2 ?t887 •829 3•2217£ 00 1•6819E 01 1•6015£ 01 ·1·--·66£ oo lo6972E Ol 3•0695E 00 6t9510E 00 ',..·. •83•99 <;•'<1•E•02 ·2·9852!'•02 1•8756£·03 .oooor 00 •6•7!509£•03 2•2307E•o3 •3•0207E•02 3t~lt38E•02 

6 2 &•~''' ie7o 3•8,.99£ 00 1•6192E 01 lo6016E 01 •1•3133E. 00 1•6330£ 01 3•7117E 00 6t3090E 00 •83•99 '!i•6lt15E•02 •2•8387£•02 ••10lt4E•OII- •OOOOE oo ,•6 t12815E•03 7•3289E·o• •2•8709£•02 2t9ltlt2E•02 

i 3 6t619 1•16? 9•3129[•01 1•91ME 01 1•601-'tE 01 •3•3115E 00 lo9689E 01 3••666£•01 9t6711E 00 •79•99 5•6.tto6E•o2 •1•!i193F.:•!'I2 7•2109£-03 .oooo£ 00 •t•545ltE•02 s.s?StE•o3 •3•6557E•02 4•5132£•02 • 
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• 

I J/ COORDINATE& B T R E I • I B I 8 T N A I N B 
ANQL.E • z RADIO~ R MOO~ THlT& AkUL. z IHU.R o•Z M.U11'1UP1 o'11N1MUI'I MAX I!IHIUR 

1 2•718 •!1!59 •3•1093£ 00 •2•0!5UI 01 6•t978E•02 •!1•1!5311£•01 1•4!-74t1E•01 •3•1868&: 00 2t01'71E 0:1 
•82•03 1-•74t015£•04t •3•11!!1031•01 t•52156E•03 ·1·151415£•03 1•70615[•03 2•!J3111:•04t !hU33E•03 

2 1 ,,,,, t?!6 •7•101511 00 •l•4tlliJr 01 6•131761•01 •ltiOOol!o! 00 !ih04t771•01 •7•31111 00 4t•U•!I[ 00 
•?~~t•39 •1•72511•03 •I• 77!161J•OI 1•1Dtti•03 •7.0017[•03 I•!Jtl!lt£•03 •l• 031111•01 ltl314t71•01 

3 15•0150 1t123 •7•79115E 00 •l•14t14tlt 01 2•1062£•01 ·2·66115! 00 l•OUIE 00 •1•60671[ 00 4t•I111E DO 
•73 d; 6 •l• 3hti:•02 •2•17!0r•nl 15•15316£•03 •l•I•H51!•02 7••24ti5E•Ol •1•!503!51[•02 2•24t60E•DI 

• 1 6•319 1•661 •t•U!I61 00 •1•14101 00 •4•11 hi•Ol •4teUIU 00 lt7004tl 00 •1•3:1711 00 15•01111 00 -•61h•2 •i•l6721•01 •1•·7•611•01 7 I 06t2&:•0• •iel222!•02 5•72721:•03 •1176!tltl•02 1•3lttU•OI 

s 7•319 2•313 •:hiUU: DO •!•6t031 00 •1•331!9£ 00 •l!lel!Jh! 00 2•1700£ co •1•31801 00 !h 2lt.-OE 0::1 2 •lt••06 •!J•lt!JDIS£•03 •1•31661•01 ., • 03l 9£•03 •lelt226!•02 ••lt7•8E•D3 •1•9197£•02 2•lt,.72E•02 
(") 

6 7•812 1•171 •l•tUII•0'1 •3•13011 00 •l!l•f!ltU 00 •1!1•11151 00 3•11711 00 •t•3t321 DO 6•281!161 oo > •38•16 .. •3•102lti•OI •l•Oiti!7E•OI •1•36711:•02 •1•7610[•01 5•!J251t£•03 •1•3it071•02 2•13331•01 "' Ul ..... Ul 

' 1•208 3•!7!5 1•67•31 DO •lt•I!S!!II oo •1•601t2E 01 •?t6lt!E 00 5•3966£ DO •1•876lt&: 01 1•10801 01 H ...., •1•·•1 1•Dltl01•02 •6•31011:•01 •3. 3190£•02 •3•86151[•02 1•6131E•D2 •3•15 .. 31:•02 l!h63751E•OI H 

"' I•· ' I• Hl 3•17"" 1•?1011 01 1•60181 01 5•81t33E 00 I ••· li1§r h I ••10711 01 •7•71631 00 ltltitOII: 01 0 iJi,4S 1•11161•03 •I•JIIli•OJ •1!1• 0352£•02 •lt01)1t[•01 3•2!1611•02 •I• Ul51•02 1•13881•01 

2 2•'t33 l•U7 .,.,,a,,.ot •l•ztnr 01 1•3102£ oo !lt66671!•01 l•lt630E 00 •7•tta•r•D1 1tl271tE O:l 7• ., 1 •l' •1!1!503[•03 •3•02801•01 2•1981£•03 1.6 .. ,.:51•03 3•31!1ltU•03 •1•90671•03 !h 26t3E•DJ 

2 2 3•116 , .. , .. •1•67311 00 •?•II·HI 00 1•6511£ 00 ••• 77131•01 1•?6271 DO •1177611 00 2126911 O:) •11•31 •te0Jit1•03 •1•10!11•01 1•0618£•03 •1•16171•0:1 l•:llUI•D3 •9•21071·03 l•OI!Itii•DI 

3 2 ••166 2•288 •2•2106£ 00 •3•112131: oa. 1•63tlllt 00 •1·-212[ 00 3•0291E 00 •2•59991[ 00 2•1h!IE 00 .. 7.•?8 •l•lltUI•02 •l•lllti!!III•OI •t•O!J56E•03 •6•661!1U•D3 •l•I7271:•Dit •1•3322[•02 1tU3lti•OI 

• 2 5•257 2•100 •••IUOI•Ol •1•11!11711101 1•16Ul 00 ····~··! 00 
1t •l!!ltE 00 •1•771!181 00 1•16!ltl Q:) •61•111 •t•litltii•OI •l•lllt61•01 •lt•61ti2E•03 •1elo~j.JII•DI •1•622!1•03 el•llit6U•02 1•11:111•01 

s . 2. 6•i!lt! 3t3U 3•2265[ 00 3•!J•str oo 3•71t8i 00 ···""1567! 00 6•!Jlt .. OE DO 1•23071•02 3tlt61!111 00 
•.tt7•08 •l•Oh•I•OI •1•16!71•0:1 •!J•370tE•03 ale UUE•DI •1•1703£•03 •l•IO,.lt[•02 1• 617 .. 1:•01 



I J/ COOADINATEI I T A E I I I I I 8 T • • I N 8 
ANOLI • z RADIAL • HOD, T~llTA AXUL z IHUA A•Z 11AUMU11 '1INlMUJI1 Mol)( !H[,Aq 

11 1 'I IM•• I 26•137 1•9309£ 01 ~·:~~~~ a~ 4•·U7151 01 _.e.au•E•Oe 4t•U~715£ 01 1•9309[ 01 1•1483&: 01 . ··" •6•8"-59E•D2 ~:.:,:o:.a: I •1•01061:•02 •lt3144ti!•D• •l•020U•D2 •6•14t591•02 5•82!21t•Di 

• 17 ltt601 I6•Ul 3•HI31 ·ot II•U!JI 01 4t•I!UI3E: 01 •1.01011:•01 ~t•Sllo~tE 01 3•4tl821 01 !h .. '710[ 00 .. , .. , •3•4t221E•01 t•?O•Ir•ot •1•6911•1•03 •••'76311E•04t •8•6931£•03 •3•4ti2SI•Di! 1•1115111:•0 t 

' 7 17 6•110 26•151 . 3•17611; 01 S•U•3r 01 •••tueE; ot ·•le3076E•01 "t•651'1'E 01 3•87661 01 3tl71t1E 0:1 
•8••03 ·•·••t•r-oe 5•1!14t7!E•03 ·•·•eau~o3 •6tlDI21£•01t •6•4t200E•03 •2•••t9[•02 1ti079E•Oi 

~ '7-711 26• 137 I !t•Q6111- lUI ••11061! 01 ••13851:01 •le711191•01 ··83!511 01 ~·061511 01 3•11511![ O!) 
•I•UD:Iii•OI •1•11!11171•0• •3•15113£~03 .••• 015~31·0~ •3•!3011t•03 -2~•1U21•02 1•7'912[•01· 

5 15 3•036 27•110 ltJ!S061 01 6•19211: OS. ~~~UU:; 01 1 • 1 UU:•01 ••~UIE 01 1•15061 01 1•23~3£ 01 
2 l!t•?lt •6•1015U•D2 ~·1!113!•01 •1•D~S2E~02 s.aD17E·D~ •1•D•I!5lE•02 •6•1_0152!•02 · !1•760U•OI 
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